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Introduction 

The  author*  have  considerec  their  function  in  preparing  this 
paper  to  be  one  of  review t   summarization  and  systematizing.     An  effort 
has  been  made  to  meet  the  diverse  derrands  of  brevity,   conciseness  and 
letenesa. 

Discussion  of  the  role  of  water  in   frost  action  proceeds  from 
basi<s  chemical  and  physical  considerations  into  those  aoplicsticns  of 

nee  generally  considered  nasi  he   engineer.     Initially  treated 

are  the  structures  of  water,   ice  and  i&rtc  solutions;   followed  by  the 
nature  of  water  in  clay-water  ims,  and  the   forces  responsible  for  it» 

adsorption* 

Th*  theory  of  si  I,  as  are  i  ts 

cf  the  freezing  behavior  of  soil  water       I   ta   on    ;he    quantities,  as  well 
as  the  sources  and  mechanisms  of  ch  n  ouantity,   of  moisture  experi- 

enced und»r  pavemenl  service  are  summarized»     In  conclusion,  method* 

and  principles  of  measuring,   predicting  =md  controlling  these  moisture 
auantities  are  outline 

The  Nature  of  Water .   Ice  and  Ionia  Solution^ 

Studies  of  the  Isolated  water  melt- rule  (e.g. ,  82)*  have  fehown  that 
it  consists  of  a  V-shaped  arrangement  of  the  atomic  nuclei,  the  H~0»H  angle 

being  105°,  and  the  'nuclear  distance  being  0  9?  i  Fir»urw  1' 

The  dipola  moment  of  the  water  m<  .83  x  10  e<.s<-u. ,  and  has 

been  regarded  by  Beraai  and  Few  s  being  duo  to  the  charge  distribution 
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Numerals  refer  to  items  in  " Re f«= renews  Ci 


FIG.  1(a) 


NTERNUCLEAR     DISTANCES     AND     BOND 
ANGLE    OF    THE    WATER    MOLECULE 


(AFTER     ROBINSON     AND     STOKES,  1955) 


depicted  in  Figure  1(b) o  This  geometry  and  charge  distribution  giv-s  rise 
to  a  tendency  for  water  molecules  to  assume  a  tetrahedral  arrangement  aa 
shown  in  Figure  2„  Since  the  positively  charged  hydrogen  ions  of  a  given 
water  molecule  attract  the  negative  charge  enters  of  neighboring  water 
molecules,  the  molecules  are  said  to  be  held  together  by  hydrogen  bonds. 
In  xce,  the  water  molecules  exisi  in  a  tetrahedral  arrangement 
with  an  0-0  distance  of  2o?6  A  (98,  95) o  The  hydrogen  nucleus  is  not  mid- 
way between  the  oxygen  nuclei,  but.  i*  0„99  A  from  one  oxygen  nucleus  and 

o 
1^77  A  from  the  othero  Most  of  the  water  molecules  form  the  maximum  of 

four  hydrogen  bonds  and,  for  this  reason,  ice  possesses  rigidity*  However, 
ice  retains  appreciable  entropy  (i«  e. ,  disorganization  or  randomness), 
expecially  near  the  melting  point  (98),  Accordingly,  it  is  believed  tha* 
the  molecules  can  re-orient  ith  considerable  freedom,  and  that  the  hydro- 
gen  ions  san  re-locate  by  moving  0c?8  A3  from  a  position  0*99  £  from  one 
oxygen  to  a  similar  position  near  the  other  bonded  oxygen.  If  no  hydrogen 
bonding  existed  in  i@»_  each  water  molecule  would  have  twelve  nearest 
neighbors  instead  of  four,  and  its  density  would  be  1  840  instead  of  0c91?. 
Khen  ice  melts,  it  is  estimated  that  only  about  fifteen  per  cenfc 
of  the  hydrogen  bonds  are  br@ke«  (98)6  Therefore,  the  resulting  liquid  water 
retains  a  loose  tetrahedral  configuration  (11,  65,  '**),  and  is  said  to  have 
a  "broken-down  ice  structure"*  Ther<*  is  Btill  a  tendency  for  each  water 
molecule  to  bond  itself  tetrahedrally  to  four  neighbors,  but  the  bonds  are 
continually  broking  and  reforming  so  that„  on  the  sverage,  each  molecule 
has  slightly  more  than  four  nearest  neighbors,  but  is  bonded  to  fewer  than 
four  of  thenu  As  the  hydrogen  bonds  are  broken,  the  resulting  fragments 
tend  to  pack  together  as  closely  as  possible,  so  that  some  of  the  water 
molecules  acquire  more  than  four  nearest  neighbors   This  tendency  toward 
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FIG.  Kb) 

MODEL    OF    THE    CHARGE    DISTRIBUTION 
IN     THE    WATER    MOLECULE. 
C       IS      TAKEN     AS     THE    CENTER     OF 
THE    MOLECULE. 

The    distance    OC    is    not    drawn    to 

scale. 

(AFTER     ROBINSON     AND    STOKES,    1955) 


TETRAHEDRAL     ARRANGEMENT 
OF    WATER    MOLECULES 


(AFTER     BERNAL    AND     FOWLER,  1933) 
FIG.  2 


elos  ing  as  bonds  are  brotcen  explains  the  vo 

:?nt  on  melting,   ='ven  though  the  intTraolf  s^ses 

»76  £  to  2*90  L      As  the   temperature  increases,   the  lal 

agitation  results  in  t  s  of  additional  hydn  -he  in- 

creased '..ion  also  results  in  an  increase  in  intermolecular  d  ies<> 

The   former  effect  oi  rmal  agitation  predominate?  b^low  it°C;  whereas,  the 

latter  effed  is  abov«*  k°Q°     The  resulfc  is  that  water  has  a  max. 

mute  density  at   h°C->     By  the  time  a  temperature  of  40  C  is  reached, 
more  than  on«  of  the  maximum  number  of  hydrogen  bonds  are  e 

-.,     Hydrogen  bonding  exists  even  at  the  boiling  p 

onsible  for  the  unusually  high  values  for  the  melting  point,  ng 

it,  dieslfci  snatant,  sp<  heat  and  viscoei 

The  solution  of  t'clytes   in  water  has  an  effeet  like  of 

increasing  the  tempprature ,  in  that  th  Dived  ions  break  hydrogen  bonda 

and  disrupt  the  'crater  structure  to  cause  cl  ;.  howei 

•5ns  do  not  appreciably  alter  the  ;ar  distances,   b 

the  net  effect  of  e  iddition  is  to  increase  the  density  of  tl 

he  disruptive  t    of  the  ions  depends  on  the  ion.  Me 

ger  ths  ion  the  greater  the  disruptive  these  conclusions  are 

n   the   .  i.  molal  volume,   and  compressibility  work  of  St«r 

"■,  118,  119,   :  1  ope»y  (25;  i  the  entr<  >f  Frank  and  i 

inson  (40)  anc  ank  and  T'vans  (41);  the  diele  k  of 

Hasted,  Ritson  and  G  C  I;  and  the  viscosity  work  of  Wan:'  The 

dis; 

dipole  bonds  as  ■:■  ii  However,  th 

of  the  ions  also  plays  a  part 

:ussions  of  water, 
reader  is  referred  to  the  publications   of  Bemal  and   Fowl« 


ANION    HYDRATION 


CATION     HYDRATION 


FIG.  3 


(98) f  Bus well  and  Rode bush  (21),  Robinson  and  Stokes  (10 

Thejl  r  Adsorbed  on  Soil  Minerals 

present  time,  all  of  t!     ses  responsible  for  water  adsorp™ 
oils  are  not  know..  Howeve.   I  .y  agreed  that  the  e 

changeable  ions  are  involved.  In  the  earliest  stages  of  water  adsorption, 
these  ions  form  icn-dipola  bonds  with  water  molecules  ^Figure  k   (a) J. 
i«eo,  they  hydrate ,  and  thereby  hold  water  to  the  mineral  surfaces  (125,  93, 
53,  104,  43,  89,  66.  83)0  With  the  addition  of  morewater,  the  iona  dissociate 
from  these  surfaces  to  form  diffuse  ion  svrarma  which  attract  water  by  esmotie 
forces  (114,  37,  U,  51,  127,  92),  Attraction  of  this  kind  is  depicted  m 
Figure  4  ('!») 

The  mineral  surfaces  also  attract  water.*  This  attraction  is 
probably  due  to  hydrogen  bonding  between  the  water  molecules  and  oxygen  or 
hydroxy!  ions  in  these  surfaces C Figure  4  (b)3»  Hendricks  and  Jefferson 
(52)  and  Mace-      have  proposed  possible  water  structures  which  might 
re8,  Lng«   But  other  kinds  of  bonding  could  be  involved*. 

For  example,  the  negative  charges  in  the  mineral  might  attract  the  positive 
ends  of  the  water  dipoles*  This  attraction  could  be  between  individual 

water  dipoleaCFigure  4   ;       :ould  be  between  the  electric 
field  produced  by  the  cumulative  effect  of  these  charges  and  the  water 
dipoles-  Or  the  instantaneous  fluctuations  in  charge  distribution  of  the 
surface  atoms  could  induce  in  the  water  molecules  similar  fluctuations  ir> 
phat      I    »lves  Digure  4  (d)3o  Regard]     f  the  nature  of      .--da , 
the  initial  Laye        r  molecules  would  be  strongly  ori^ntedo  Thia 
ori      layer       in  turn,  orient  the  next-  layer,  and  so  fortho  Tht&s, 

tion,  thick  oriented  layera  of  water  molecules  could  b.     !  up- 
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An  oriented  or  ordered  structure  exists  in  the  watpr  adsorbed  on 
at  least  a  few  soil  minerals*.  Anderson  and  Low  (&,  77)  observed  that  the 
density  of  the  water  adsorbed  on  raontmorillonite  was  less  than  the  density 
of  normal  water  up  to  distances  of  the  order  of  80  A  from  the  clay  surface^. 
The  adsorbed  water  density  decreased  with  proximity  to  the  clay  surface, 
and  with  a  decrease  in  temperature  Figure  5  shows  the  data  for  potassium 
bentoniteo  Sine©  exchangeable  cations  would  disrupt  this  water  structure 
and  tend  to  increase  its  density,  the  clay  surface  must  have  been  responsible 
for  its  development*  Evidently,  the  regularity  and  extent  of  the  adsorbed 
water  structure  increases,  not  only  with  a  decrease  in  thermal  agitation  as 
the  temperature  is  lowered,  but  also  with  an  increase  in  cation  dissociation 
from  the  clayo  This  fact  is  indicated  by  the  following  observations  % 

(1)  The  activation  energy  for  ionic  movement,  which  depends  on 
the  coherence  of  the  adsorbed  water  structure,  increases 
with  increased  ionic  dissocation  from  the  clay(78}o 

(2)  Supercooling  of  water  in  clay  suspensions,  which  should  be 
augmented  by  structural  development  in  this  water,  increases 
with  increased  ionic  dissociation  from  the  clay  as  indicated 
by  zeta  potential  measurements  (33)o 

(3)  Unfrozen  water  in  clay  pastes  at  ~5*0°C  increases  with 
increased  ionic  dissociation  from  the  clay,  even  though  the 
ions  are  not  sufficiently  concentrated  to  prevent  freezing 
at  this  temperature  (51)* 

(O  Unfrozen  water  in  clay  pastes  at  -5»0°C  increases  with  clay 
swelling,  and  is  more  extensive  on  external  surfaces  than  on 
internal  surfaces^*  (51)° 

It  can  be  postulated  that  structural  development  in  the  adsorbed 

water  is  enhanced  by  increased  ionic  dissociation  from  the  clay,  because 

the  disruptive  effect  of  the  iens  is  less  when  they  are  distributed  through 

a  relatively  large  volume  than  when  they  are  concentrated  at  the  surface 

Note  that  the  dissociation  of  cations  from  clay  surfaces  should  depend 
partly  on  the  proximity  of  adjacent  surfaces,  the  nearer  the  surfaces, 
the  less  the  dissociation,. 
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The    change   in  water  density   with   distance 
from    the    surface   of    potassium    bentonite    at   two 
temperatures  (From   data    by  Anderson  and  Low,   1958) 


FIG.  5 


whers  the  structure  is  "anchored".   Figure  6  i .  lustra tes  :his  concepto  The 
structure  imparted  to  the  water  by  the  clay  surface  is  not  that  of  ice, 
because  the  adsorbed  water  supercools  extensively?  nor  is  it  entirely  rigid, 
because  ion  exchange  occurs  readily,, 

Several  investigators  (89*  92,  19,  133*  39)  have  used  X-ray  dif- 
fraction techniques  to  measure  c=axis  spacings  of  clay  samples  at  various 
degrees  of  hydration,  and  have  observed  that  expansion  of  the  lattice  layers 
occurs  in  definite  increment s»  These  increments  approximate  the  diameter  of 
the  water  molecule,  or  multiples  thereof,  up  to  spacings  of  18  a  for  raontmoril- 
lonitetL  The  general  conclusion  drawn  from  the  results  is  that  successive 
layers  build  up  on  the  clay  surface  as  it  hydrates*  Since  it  is  not  yet 
possible  to  locate  individual  water  molecules  by  X-ray  measurements  on 
«slay=water  systems,  no  conclusions  regarding  the  exact  arrangement  of  the 
adsorbed  water  molecules  are  justified* 

Measurements  of  the  dielectric  properties  of  clay-water  system* 
have  indicated  that  the  structure  of  the  adsorbed  water  is  different  from 
that  of  normal  watero  Muir  (91)  examined  the  dielectric  properties  of 
hydrated  samples  of  kaolinite,  halloyslte,  metahalloysite  and  talc  at 
different  frequeneies  and  at  different  decrees  of  hydration*  He  found  that 
the  frequency  of  maximum  dielectric  absorption  for  the  first  layer  of  water 
was  relatively  low,  and  was  nearly  the  same  for  all  the  minerals  testedc 
Hence,  he  concluded  that  the  first  layer  of  wat«r  was  strongly  adsorbed,  with 
about  the  same  intensity  regardless  of  mineral  type?  As  successive  layers 
of  water  were  added,  the  frequency  of  maximum  absorption  increased,  suggest- 
ing reaction  of  the  less  organized  cuter  layers  with  the  firsto  Palmer, 
Cunliffe  and  Hough  (96)  observed  that  the  dielectric  constant  of  water  on 
mica  de area sedj with  calculated  film  thickness,  from  more  than  20  for  films 
about  five  microns  thick  to  less  than  10  for  films  about  two  microns  trickr. 


FIG.  6 


(a) 
IONS    SLIGHTLY    DISSOCIATED 
FROM     CLAY    SURFACE 


(b) 
IONS    HIGHLY     DISSOCIATED 
FROM    CLAY     SURFACE 
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WATER     MOLECULE 


=    CATION 


The     effect    of    ion    dissociation   on     the 
Surface- Induced     Water   Structure. 
(Illustrative  only.    Not  intended    to  represent 
actual    molecular    arrangement) 


They  also  observed  that,  as  in  iee,  the  dielectric  constant  of  the  adsorbed 
water  changed  rapidly  as  the  frequency  was  changed  from  2  to  2o5  megacycles 
per  secondc  Since  neither  the  dielectric  properties  of  free  water  or  mica 
ara   frequency  sensitive  over  this  range,  they  concluded  that  the  adsorbed 
water  approached  the  same  degree  of  srystallinity  found  in  ieseo  Gownie  and 
Palmer  (28)  and  Palmer  (97) *  using  an  unspecified  wet  clay,  found  that  the 
dielestrie  constant  increased  from  a  value  of  about  three  to  a  value  of 
about  fifty  in  moving  from  zero  moisture  to  80  per  cent  moisture  (Figure  ?5« 
Thus,  the  evident  from  measurements  of  the  dielectric  constant  indicates 
that  water  i3  strongly  ordered  at  mineral  surfaces,  the  degree  of  order 
decreasing  with  distance  from  these  surfaces* 

If  the  adsorbed  water*  possesses  a  structure  which  is  more  ordered 
than  that  of  normal  water,  its  viscosity  sho'ald  be  greater  than  the 
viscosity  of  normal  water*  Very  little  direct  information  is  available  in 
this  regardo  However,  Masey  (79)  observed  that  none  of  the  existing  theories 
on  water  flow  through  porous  media  could  be  applied  to  claya  without  assuming 
that  part  of  the  water  was  immobile,  i.eo,  that  its  viscosity  was  infinitely 
higho  Carman  (23)  and  Von  Engelhardt  and  Tunn  (12i0  were  obliged  to  makfc 
ths  same  assumption  to  explain  their  datas  Macy  also  found  that  the  con^ 
ductivity  of  clays  for  non-polar  liquids  was  of  the  order  of  10^  to  10° 
times  that  for  water,  suggesting  that,  despite  differences  in  clay  packing, 
the  viscosity  of  the  water  wos  unusually  high*  The  work  of  Rosenqvist  (109) 
support's  these  observations-.  3y  making  certain  assumptions  relative  to  the 
geometry  of  the  pores  and  using  experimental  data,  Rosenqvist  calculated  a 
diffusion  coefficient  for  deuterium  oxide  in  the  pores  of  a  clay  paste  whieh 
was  only  about  five  per  cent  that  of  pure  watero  Recently,  Low  (7S)  haa 
shown  that  the  activation  energy  for  ion  movement  in  the  adsorbed  water  is 
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Variation    of    the    dielectric    constant    of 
water  in   a    wet    clay     with    the    water    content 
(After    Palmer,  1952) 

FIG.  7 


higher  than  the  activation  energy  for  ion  a 

available  evidence  indicates  that  clay-adsorbed 

viscosity.  But  it  should  be  noted  that  electroviscous  effects  (36; 

ceunterelectro-oemotie  effect      might  account  for  pari 

of  water  flew  In  porous  media-.  It  is  unlikely  that  they  account 

it  {5U)°     A  hypothetical  viscosity  vs.  distance  curve  is  re  8c 

?h*  thermodynasod     >ertiee      er  adsorbed  on  soil  minerals 
are  also  different  than  those  of  normal  water?   F<      eouaiS 

-   ~Vf7 

-sTandTc  are  the  partial  molar  free  energy  of  the  soil  water  and 
pure  water,  respectively ,  v~is     partial  i  volume  of  the  a 

and  it  is  the  swelling  prep  sure,,  we  see  thai  the  free  enevgy 

she  soil  water  is  less  than  W      pure  water  as  long  &e  the  go      ,  is 
in  pure  water.-  Clay  soils  will  swell  in  pure  water  uni     1ms  as  thi- 
200  '*>   have  developed  on     article  surfaces  (lli+«  37:        127,  92 

The  heat  eontent  of  this  water  is  also  less  than  that  of 
water.  There  is  considerable  evidence  (19,  133,  109.  116,  88,  V?)   whi 
shows  that  heat  is  lost  on  the  adsorption  of  water  by  clays  un 
films  of  appreciable  thickness  are  formed.  And  the  initially  ad 
a  heat  content  less  than  that  of  ice  (109)  <■ 

The  data  on  U»e  entropy  of  s         '■•         However,  they 
enow  that  the  soil  water  has  a  higher  degr-  n  norm        up 

to  watsir  contents  as  high  as  the  field  capacity  (106,  6),  The  water  in  the 
first  monolayer  on  kaolinite  is  more  c 

For  additional  information  on  the  nature  of  adsorb'      c,   the 
reader  is  referred  to  the  discussions  of  Grim  (i*7),  Williamson  {128}  and 
Mackenzie  (80), 
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o  100 

DISTANCE     FROM    CLAY     SURFACE     (A) 


Hypothetical     decrease    of    water    viscosity 
with    distance    from    the    clay    surface. 


FIG.  8 


Th*  ^.oellng^  a£SL-£ggg  Water 

The  presented  in  the  previous  section  shows  t; 

structure  and   properties  cf  water  are  altered  when  adsorbed  on  s 

Let  us  examine  consequences  of  this  alteration  on  t 

supercooling  rasing  of  the  water.     The  discussion  will  be  for* 

eause  the  sut  »f  freezing  will  be  treated  in  greater  deta 

in  this  Symposium^ 

.fteory  of  Tumbuil  and  Fisher  (122), 

as  applied  to  water  by  Mason  (85,  &:. 

logJ  »  32o84  *  log  t^  =  7^%%f 

where  J  is  the  rate  of  production  of  ice  nuclei  of  critical  size,  T  is 
the  absolute  temperature,  U  is  the  activation  energy  for  the  diffusion  of 
water  moiecu3.es  aerass  the  water-is*  interface,  a  is  the  interfacial  energy 
between  water  and  ice,   and  To  is  the  theraodynaade  freezing  point*     ft 
nucleus  of  critical  size  is  one  which  is  Just  large  enough  to  grow  t«?  an 
crystal  rather  than  evanes    »<>     Now  U  is  relatpd  to  the  viscosity  r^ 
by  the  expression  (5,  h 

ft*  km™ 

where  A  is  a  constant?  hei     he  rate  of  production  of  iee  nuclei  of 
sritioal  size  is  expected  to  be  small,  Le=,  we  can  expect  a  tendency 
the  water  to  supercool  if     iscosity  of  the  water  is  high  and  if  the 
interfacial  tension  against  ice  is  large*  There  is  evidence  that  t 
viscosity  of      Isorbed  water  is  unusually  higho  In  addition,  evidence 


sts  that  the  adsorbed  water  has  a  different  structure  than  normal  water, 
and*  for  this  reason,  shoeld  have  a  different  interfacial  tension  s. 
ice0  If  we  assume  that  this  interfacial  tension  is  increased  by  the  c 
induced  modification  in  the  water  stru  tui  :  i  ■"' 

water  in  clays  and  soils  can  be  *xplained< 

The  freezing  poi  ior! 

concentration  and  pressure  (110.  35)  and  I  -"gy 

of  the  water  relative  to  that  ,  the  ion  concentration 

and  hydrostaiie  pressure  are  I  rged  d 

surfaces  than  in  th< 

exists  between  the  water  and  mineral  sua  <   j  a&  iw 
energy  of  the  water  should  b    wer  in  this  r 
therefore ,  that  all  '   does  : 

the  saa»  temperature;  .  »ze  only  i  oper- 

atur*  !     5,  3,20,  7 

In  view  of  the  ion  © 
sures  in  the  systems  studied  thus 
cannot  account  for  the  obser/ed  amounts  of  w 
se-uently,  the  reduction  in 

surfaces  must  also  be  a  fact  '  not  been  ge- 

nizedc 

Thg_  gyarrtlt -  of  Moisture.  Under  _?avi; 


Prediction  of  the  moisture  eont«      degree  of  aa:     >n  te 

be  expected  beneath  a  pavement  at  a  given  -neral  a  coo 

matter =  The  multitude  of  variables  and  uncertain  boundary 
limited  the  scope  and  conclusiveness  of  b<  raeasur     and 

rational  or  calculation  type  of  approa 


■ 
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perties.  The  trend  to  better  control  compaction  moisture  contents  shoulds 
as  a  by-product „  aid  efforts  in  measurement  and  prediction  of  service  molS" 
ture  conditions. 

Prominent  among  the  studies  of  actual  moisture  conditions  under 
pavements  are  those  by  Kersten  (68?  69) ,  Hicks  (55)*  Corps  of  Engineers 
(26;,   27 )P  Redus  and  Foster  (102)  and  Redus  (103)   This  listing  can  be 
supplemented  rather  extensively  if  one  includes  vork  vhere,  (a)  the  data  re- 
ported are  more  limited,  (b)  the  aoisture  measurements  are  much  subor- 
dinated to  another  investigational  endpoint,  and  (c)  the  observations  are 
made  under  other  than  a  pavement  cover,.  The  data  reported  serve  to  emphasize 
the  relative  importance  of  such  factors  as:  type  of  pavement  (including  bass 
and  sub-base  layers);  loading  and  its  capacity  to  produce  densificationj  age 
and  condition  of  the  pavement;  texture  and  initial  condition  of  subgrade  or 
embankment;  the  environment— topographic  position,,  ground  i-ater  levels 
climate,  season^,  severity  of  frost  action;  and  depth,  position  and  fre- 
auency  of  sampling. 

These  investigations  shows  (a)  that  the  more  clayey  soils  achieve 
higher  degrees  of  saturation  in  service  than  do  soils  of  lov  plasticity; 
(b)  that  climate,,  and  more  particularly  precipitation*  has  the  anticipated 
effect  at  shallov  depths;  (c)  that  the  moisture  ouantiti^s  show  continuous p 
if  small;;  variation  vith  the  seasons,  but  vith  an  increase  trend  to  some 
critical  age;  and  (d)  that  moisture  gradients  exist  laterally  vith  respect 
to  the  pavement,  as  veil  as  vith  depth  under  the  pavement,.  Beyond  this 
area  of  general  agreement  in  data  are  important  differences *  assumed  to 
be  peculiar  to  the  study  sites ?  and  perhaps  also  to  the  investigational 
perspectives 0 

A.  generalized  concept  of  the  sources  of  sub-pavement  moisture 
is  presented  in  Figure  9" 
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(100.  101),  Gold  (46),  Jumikis  (62,  63,  64),  and  Martin  (3         found 
that  very  considerable  suctions  are  operative  for  liauid  flow  to 
area  of  @rystalli?ationo 

Tfcs__Pet;rmi  nation  of  Quantity  of  Mela tare 

The  primary  approach  to  determination  of  moisture  quantii 
been  experimental,  i.e»,  measurement  of  in-service  conditions,;  The 
and  still  dominant,  measuring  technioue  is  the  gravimetric  method  of  sam- 
pling and  oven  dryings  This  technique  has  very  pronounced  and  obvic 
ficiencies  when  applied  to  th-»  problem  at  hando 

A  variety  of  techniques  of  "      *'*  moisture  raeasuremenl 
been  subjected  to  experimental  or  to  practical  usee  Perhaps  the  to 
known  of  these  are  the  electrical  resistance  -sells  of  Bouyoacos  and  Mick 
(16),  Bouyoucos  (1?,  18),  and  Caiman  (24) *  The  parous  material  of 
units  (plaster  of  paris,  nylo:t  or  fiberglas)  tends  to  remain  in  moistu 
--u.ilibri.um  with  the  surrounding  soil.  Tb>  electrical  resistance  of  the 
"bioek"  changes  with  its  quantity  of  moistvre,  and  upon  calibration  becom»g 
e  measure  of  the  moisture  in  ihe  soilo 

Another  method,  and  one  of  considerable  promise,  is  the  neutron 
method  of  counting  hydrogen  n-ielel  ..  Belcrer  et  al  (7),  Belcher  ( • 
Carlton  (22),  Horonjeff  and  Goldberg  (57),  Horonjeff  and  Javeie 
Roy  and  Winterkom  (112.)'4..  In  this  method,  neutrons  are  emitted 
lose  energy  and  become  "slow"  after  collision  with  the  hydrogen  atoms  in  the 
soil-water  system.  As  the  qumtity  of  moisture  (in  any  form  _  aoiid,  liquid 
or  v^por)  increases,  the  count  of  slowed  nei  iseso  Upon  calibra- 

tion, the  count  becomes  a  measure  of  the  average  moisture  content  over  a 
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Field  observations  have  revealed  that  even  though  the  vater  table 
often  cannot  be  lovered  sufficiently  to  eliminate  frost  damage,  this  damage 
can  be  very  significantly  reduced  by  lovering  of  the  order  of  several  feet 
—Beskov  (12),  Keene  (67)8  Road  Research  laboratory  (105)*  and  Lavson  (71), 
Experience  also  fsworsj  as  an  alternate  or  supplement  to  ground  vater  lover= 
ing„  the  use  of  an  elevated  grade  line 

Certain  profile  situations  need  particular  drainage  attention  due 
to  their  tendency  to  "trap"  free  vater,  e,g,,  Aaron  (1),  The  same  is  often 
true  of  situations  vhere  rock  underlies  the  pavement  at  shallow  depth— 
Bennett  (10)  p  Otis  (94),  and  Fuller  (42) „     Drains  must  of  course  be  open 
and  able  to  function  during  the  critical  thawing  periods 

Finally p  it  seems  pertintmt  to  mention  the  use  of  "barriers"  t© 
reduce  capillary  or  vapor  movement,  The  idea  of  interposing  a  granular  layer 
which  "cuts  off"  capillary  flov  is  an  old  one — &eskov  (12)  0  Membranes 
capable  of  also  sharply  reducing  vapor  transmission  have  received  increased 
recent  attention*  Particularly  interesting,  although  beset  vith  sizable 
practical  difficulties,  is  the  U3e  of  plastic  films— Bell  and  Yoder  (9), 
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